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Abstract 
We present a detailed study on aluminum-boron doping profiles formed in silicon by alloying from screen-printed 
aluminum pastes containing boron additives. We show that an increase in the effective peak temperature Tpeak,eff 
(determined from phase diagram calculations) of the alloying process leads to higher concentrations of both Al and 
B atoms within the alloyed p+ region, resulting in (i) higher potential barriers for electrons, but also (ii) increased 
densities of recombination-active Al defects. While the improved potential barrier predominates for 
Tpeak,eff  770 °C, the increased defect density prevails for Tpeak,eff  800 °C, thus defining an optimal effective 
peak temperature. Furthermore, we show that, by increasing the amount of elemental B added to the paste, the 
acceptor concentration can be increased without affecting the defect density. Therefore, the optimal printing and 
firing conditions comprise high B amounts and low, adapted effective peak temperatures. For a B content of 
0.9 wt% and Tpeak,eff = 765 °C, we have achieved a saturation current density of 253 fA/cm2, corresponding to an 
implied open-circuit voltage of 665 mV, which demonstrates the high potential of B additives within Al pastes to 
further improve the efficiency of Si solar cells with Al-alloyed p+ rear. 
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1. Introduction 
Today, alloying from screen-printed aluminum pastes is commonly used for the fabrication of p-type silicon 
solar cells with Al-alloyed back surface field [1, 2]. Moreover, in recent years, it has successfully been 
demonstrated that this process can also be applied for the formation of rear p+ emitters in n-type Si solar cells [3-7]. 
Further improvements of the electrical properties of the Al-alloyed p+ regions can be obtained by adding boron 
components to the Al paste, resulting in Al-B codoping of Si [8-11]. The additional incorporation of B atoms as 
acceptors into the Al-alloyed p+ Si region  referred to as Al-B-p+ region  thereby provides improved shielding of 
electrons from the recombination-active surface and leads to reduced saturation current densities even for low p+ 
thicknesses [8-11]. Nevertheless, only a few studies addressing the properties of Al-B-p+ regions have been 
published so far. Recently, we have shown that the Al-B acceptor profiles can be diversely modified by varying the 
amount of boron components added to the Al paste [11]. In this work, we focus on correlating the doping profiles 
with the Al-B-p+ saturation current densities. We discuss optimal acceptor profiles and the prerequisites for their 
realization. 
2. Test Sample Preparation and Characterization 
We have modified the composition of an Al paste by systematically adding elemental boron powder to the paste, 
thus varying the B content fB in the paste in the range of 0 to 0.9 wt%. For the investigation of the Al-B-p+ 
properties, we have fabricated simple lifetime test samples [11, 12]. We have screen-printed each paste separately 
onto one surface of the samples, thereby applying a high paste amount of 13.1 ± 0.3 mg/cm2 (measured after 
drying). The Al-B-p+ regions were subsequently alloyed during a short firing step in a conveyor belt furnace at a 
constant set peak temperature of 900 °C and at different peak temperature times in the range of 4 to 7 s. 
Considering the alloying process to be in quasi-steady state, we have thus varied the effective peak temperatures 
Tpeak,eff of the samples from 650 to 860 °C, which differ from the set peak temperature of the furnace due to the 
latent heat of the Al paste. We have calculated Tpeak,eff by determining the maximal masses of Si being dissolved 
from the wafer surface during alloying and correlating these masses with temperature values following the Al-Si 
phase diagram [13]. Further details of this method will be published soon [14]. 
Then, the eutectic layers and the paste residuals were etched off in hydrochloric acid (HCl). For an effective 
passivation of the p+ region surfaces, a short potassium hydroxide (KOH) dip was performed to remove pyramidal 
Al-containing structures from the p+ region surface [12]. Subsequently, aluminum oxide (Al2O3) layers were 
deposited by atomic layer deposition and activated during a forming gas anneal at a temperature of 425 °C for 
20 min [15, 16]. 
For characterization, we have measured the Al-B acceptor profiles via the electrochemical capacitance-voltage 
(ECV) technique. Thereby, the doping profiles have been corrected for the roughnesses of the p+ region surfaces, 
which were determined by means of confocal microscopy. We have additionally carried out quasi-steady state 
photoconductance (QSS-PC) measurements to determine the p+ saturation current densities  and  before 
and after surface preparation and passivation, respectively. 
3. Influence of Alloying Temperature and Boron Content in the Aluminum Paste 
3.1. Doping profiles of aluminum-boron-coalloyed regions 
Fig. 1 shows the measured acceptor profiles of p+ regions alloyed from Al pastes with fB = 0 and 0.3 wt%, 
respectively, at Tpeak,eff = 845 °C. For the boron-free paste, the doping profile is defined by the incorporation of Al 
acceptor atoms into the Si lattice during recrystallization of the p+ region according to the solid solubility of Al in 
Si. As the Al solubility decreases with decreasing temperature [13, 17], the doping profile shows the characteristic 
decrease from the Al-p+ / Si bulk interface toward the p+ surface.  
By adding elemental B to the Al paste, the p+ regions are simultaneously Al- and B-doped during alloying and 
the acceptor profiles are defined by the sum of the Al and B acceptor atoms. As the solid solubility of B in Si is 
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approximately one order of magnitude higher than the solubility of Al in Si [17-19], the acceptor concentration 
increases considerably. The upper limit of the acceptor profile curve is now given by the sum of the Al and B solid 
solubilities in Si. The measured Al-B profile, however, shows deviations from this solubility limit.  
Examining the deviations in the direction of p+ region growth, two different ranges can be identified, see Fig. 1. 
In the following, we qualitatively discuss these ranges by briefly describing the Al-B-Si alloying process. A more 
comprehensive, quantitative investigation will be published soon [19]. 
After melting of Al within the stable paste particle shells in the course of the alloying process, Si and B dissolve 
into the melt from the Si wafer surface and from the B powder particles added to the paste, respectively. Whereas 
the Si dissolution continues up to the effective peak temperature, the characteristics of B dissolution strongly 
depend on the amount of B additive. In case of a low B content in the paste, the B source exhausts during heating-
up, so that the Al-B-Si melt could absorb more B than effectively available (range I). Thus, the B concentration of 
the melt is lower than the respective liquid solubility. During cooling down from the effective peak temperature to 
the eutectic temperature, Al and B are incorporated into the recrystallizing Si lattice, forming the p+ region. 
Whereas Al is incorporated according to its solid solubility in Si, the concentration of incorporated B - defined by 
the product of the B concentration of the melt and the segregation coefficient - is lower than the respective solid 
solubility. As the B concentration of the melt is approximately constant and the segregation coefficient also 
exhibits only a minor temperature-dependence [19], the B acceptor concentration in Si is also approximately 
constant. Thus, the Al-B acceptor profile curve runs rather flat and considerably below the Al-B solubility curve in 
range I. 
As the liquid solubility of B in the melt decreases with decreasing temperature, at a certain point, the previously 
constant B concentration of the melt exceeds the liquid solubility. Thus, in range II, excessive B is rejected from 
the melt and the B concentration of the melt follows the liquid B solubility. Consequently, the incorporation of B 
into the Si lattice of the p+ region is defined by the B solid solubility in Si. The Al-B acceptor curve thus shows the 
characteristic decrease toward the p+ surface in range II. The transition between the two ranges is relatively abrupt 
and occurs as a kink in the doping profile curve.  
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Fig. 1. Doping profiles of p+ regions alloyed from an Al paste without B (black squares) and an Al paste containing 0.3 wt% of elemental B 
(blue triangles) at an effective peak temperature of 845 °C. The solid black line shows the Al solubility in Si and the solid red line the sum of 
the Al and B solubilities in Si, which represent upper limits for the Al and Al-B doping profiles, respectively. For the calculation of the 
solubility curves, please refer to [19]. The Al-B doping profile curve exhibits a clear kink, which separates the profile into range I, where the 
curve deviates from the solubility limit and range II, where it coincides with the solubility. The doping profiles show two measurement 
artifacts, which are characteristic for ECV measurements of Al alloyed p+ regions: (i) a peak near the surface due to remaining pyramidal 
structures [12, 20], and (ii) a blurring of the p+ region/Si bulk transition, caused by thickness inhomogeneities of the p+ regions [9, 21]. 
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We have investigated the influence of the firing conditions for alloying of the p+ region on the form and height 
of the Al-B profile curves by varying the effective peak temperature Tpeak,eff for a constant B content fB of 0.3 wt%, 
see Fig. 2 (a). It is obvious that by increasing Tpeak,eff (i) the thickness of the p+ region increases, as more Si is 
dissolved from the wafer surface into the melt to recrystallize epitaxially [13], and (ii) the acceptor concentration 
increases as well, which means that a growing amount of B has been incorporated into the Si lattice. This is caused 
by the increasing liquid solubility of B in the melt and the enhanced effectiveness of B powder dissolution [19]. As 
the acceptor concentrations are limited by the sum of the Al and B solubilities, the position of the kink in the 
profile curve is shifted toward the Si bulk for increasing Tpeak,eff values [19]. 
Fig. 2 (b) shows the acceptor profiles for p+ regions alloyed at a constant effective peak temperature of 840 °C 
from Al pastes containing different B contents fB. By increasing fB, a growing amount of B is incorporated into the 
Si lattice, so that the height of the profile curve increases. The thickness of the p+ region, though, is independent of 
fB, as the Al-Si alloying process itself, which determines the growth of the p+ region, is not affected by the low 
amounts of B additive.  
In conclusion, the acceptor concentration is increased by increasing the B content fB in the paste or by increasing 
the effective peak temperature Tpeak,eff of the alloying process. Moreover, kinks occur in the acceptor profile curves 
due to exhaustion of the B additive dissolution, considerably affecting the form of the acceptor profiles. 
Please note that the ECV-measured doping profiles discussed above display all substitutional Al and B acceptor 
atoms. It has recently been reported that not all of them are ionized; this effect is denoted as incomplete ionization 
(i.i.) [21, 22]. Whereas i.i. can be neglected for B acceptors [9], it plays a major role for Al acceptors within alloyed 
p+ regions, where up to 40 % of the atoms are not ionized in the relevant doping range [9, 21]. Correcting the Al-B 
doping profiles for incomplete ionization is not trivial, as the ECV technique does not separate between Al and B 
acceptor concentrations. However, in this study, we relatively compare Al-B doping profiles and discuss the form 
of the profile curves, so that considering incomplete ionization is not essential for the correct interpretation of our 
results. 
3.2. Saturation current densities of aluminum-boron-coalloyed regions 
Several aspects can affect the electrical properties of Al-B-p+ regions: (i) the height of the potential barrier for 
electrons, which is defined by the acceptor concentration at the transition to the Si bulk, (ii) Auger recombination 
and (iii) recombination via defects within the p+ region bulk. 
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Fig. 2. Al-B doping profiles (a) for different effective peak temperatures Tpeak,eff and a constant B content fB of 0.3 wt% and (b) for a constant 
effective peak temperature of 840 °C and different B contents fB. The solid red line displays the sum of the Al and B solubilities in Si, which 
defines an upper limit curve for the acceptor profiles. 
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Fig. 3 (a) shows the saturation current density  of non-surface-passivated p+ regions in dependence of the 
effective peak temperature Tpeak,eff. In the low temperature range (Tpeak,eff  770 °C), the  values drop with 
increasing Tpeak,eff or with increasing B content fB, as higher acceptor concentrations lead to improved potential 
barriers for electrons. In the high temperature range (Tpeak,eff  800 °C), though, the  values increase again. 
This increase occurs for all B contents, despite the different acceptor concentrations. 
To further investigate the increase in  we have examined surface-passivated p+ regions. Thus, 
recombination at the p+ surface is omitted and the saturation current density  is defined by recombination 
within the p+ region bulk. Fig. 3 (b) displays  as a function of Tpeak,eff. The  values increase with increa-
sing Tpeak,eff and are particularly independent of fB. Thus, the recombination within the p+ region is not affected by 
the concentration of B acceptors, but is dominated by a highly recombination-active Al defect [11, 21, 23, 24]. As 
(i) this defect is expected to be correlated to the Al doping concentration [11] and (ii) higher Tpeak,eff values lead to 
higher Al concentrations [14], an increasing concentration of Al defects is generated within the p+ region by 
increasing Tpeak,eff.  
For non-surface-passivated p+ regions, the increase in the saturation current density  implies that these 
defects obviously become dominant for high effective peak temperatures Tpeak,eff  800 °C. 
The minimum of each  curve determines an optimal effective peak temperature for each B content fB. By 
increasing fB, the optimal peak temperature decreases and lower  values are reached. For non-surface-
passivated p+ regions, the optimal printing and firing conditions thus comprise (i) high B contents fB to realize high 
potential barriers for electrons and (ii) low, adapted effective peak temperatures to minimize the influence of Al 
defects within the p+ region bulk. For fB = 0.9 wt% and Tpeak,eff = 765 °C, for example, we have achieved a 
saturation current density of 253 fA/cm2 (calculated with an intrinsic carrier density ni = 9.65  109 cm-3 [25]), 
which corresponds to an implied open-circuit voltage of 665 mV. 
4. Summary 
In this paper, we have investigated aluminum-boron-doped p+ regions formed by coalloying from screen-printed 
pastes and correlated the Al-B doping profiles with the electrical properties of the p+ region. 
By systematically varying the effective peak temperature Tpeak,eff of the alloying process  determined from 
phase diagram calculations  and the amount fB of elemental B added to the Al paste, we have shown that the Al-B 
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Fig. 3. (a) Saturation current density  of non-surface-passivated and (b) saturation current density  of surface-passivated p+ regions 
as a function of the effective peak temperature Tpeak,eff for different B contents fB within the Al paste. Please note the different scales. Lines 
within (a) are guides to the eye. The saturation current densities  of surface-passivated p+ regions alloyed from boron-free pastes are not 
included as they have not been measured, but are expected to exhibit similar values, see Fig. 3 (b) of [12]. 
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doping profiles can be versatilely adjusted. With increasing Tpeak,eff, the depth of the Al-B doping profiles and both 
the Al and the B acceptor concentrations increase. Increasing fB does not affect the profile depth, but leads to a 
further increase in the acceptor concentration. In addition, we have discussed the formation of a kink occurring in 
the doping profile curves, which is caused by maximal dissolution of the B additive and considerably alters the 
profile form. 
We have demonstrated that the form and height of the doping profile curves strongly affect the electrical 
properties of Al-B-p+ regions. For low effective peak temperatures (Tpeak,eff  770 °C), an increase in the acceptor 
concentration leads to improved electron shielding from the recombination-active surface due to higher potential 
barriers for electrons. Thus, increasing Tpeak,eff or fB results in reduced saturation current densities of the Al-B-p+ 
regions. We have shown that an increase in Tpeak,eff is also attended by the increasing generation of recombination-
active Al defects within the p+ region, which become dominant for high effective peak temperatures 
(Tpeak,eff  800 °C). Thus, further increasing Tpeak,eff leads to an increase in the saturation current density. 
The optimal printing and firing conditions therefore comprise high amounts of elemental B within the Al paste 
to enhance the potential barrier for electrons, and adapted effective peak temperatures to reduce the Al defect 
concentration. For fB = 0.9 wt% and Tpeak,eff = 765 °C, we have achieved saturation current densities of 253 fA/cm2, 
corresponding to implied open-circuit voltages of 665 mV, showing the high potential of doping profile 
engineering by coalloying of aluminum pastes containing an additional boron source. 
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